transient receptor potential channel 6 (TRPC6) result in congenital nephrotic syndrome of the Finnish type, autosomal recessive steroid-resistant nephrotic syndrome and the autosomal dominant form of focal segmental glomerulosclerosis (FSGS). A gain-of-function mutation of TRPC6 in podocytes allows calcium entry that stimulates the calcineurin pathway and activates nuclear factor of activated T-cells (NFAT), playing a role in the development of FSGS [4, 5] . Acquired forms of nephropathies such as FSGS are also characterized by TRPC6 induction [6] . Nephropathies can lower vitamin D levels. Vitamin D is known to downregulate the expression of TRPC6 in podocytes [7] . Alternatively, calcium entry through TRPC is involved in efferent arteriolar constriction by angiotensin II (AngII) [8] . Indeed, various pathophysiological stimuli induce TRPC6 in podocytes, including oxidative stress, high glucose, stretch, complement, insulin and AngII [9] [10] [11] [12] [13] [14] .
Adriamycin nephropathy is an experimental model of FSGS [15] . FSGS frequently manifests as a steroid-resistant nephrotic syndrome, which frequently leads to end-stage renal failure. The above findings have provided an experimental basis for the clinical application of calcineurin inhibitors in the treatment of FSGS. Several lines of evidence indicate that oxidative stress, AngII and/or direct toxic action underlie the mechanism of adriamycin-induced FSGS [16, 17] . Recent findings reveal that Wnt/b-catenin signaling is involved in the pathogenesis of adriamycin nephropathy and FSGS [18] [19] [20] [21] [22] [23] . Adriamycin administration induces the expression of Wnt in the kidney, along with upregulation of b-catenin in the podocytes and renal tubular cells. Thus any approaches that inhibit Wnt signaling may ultimately arrest the progression of adriamycin nephropathy, indicating a new potential treatments of choice for FSGS.
The Wnt family of proteins can be secreted, and bind to the Frizzled receptor [24] . Mutations in the Wnt pathway components lead to specific developmental defects and various human diseases, including cancer [25] . Although Wnt transduces its signal using various pathways, the classical pathway of Wnt involves the inactivation of glycogen synthase kinase-3b (GSK3b) and subsequent stabilization of b-catenin [26] [27] [28] . The latter can translocate into the nucleus to modulate the cell cycle and survival. GSK3b is a serine-threonine kinase that is constitutively active to phosphorylate glycogen synthase and b-catenin, thereby undergoing ubiquitination for degradation. Thus the inhibition of GSK3b can mimic some aspects of Wnt signaling.
Klotho, an anti-aging protein, is expressed mainly in the kidney and can be secreted into the systemic circulation [29] . The membrane-bound klotho molecule is enzymatically cleaved to release its extracellular domain into the interstitium [30, 31] . Klotho is also a well-known endogenous inhibitor of Wnt signaling [24] . Secreted klotho can tightly bind to various proteins, including Wnt [24, 30, 32] , and inhibits Wnt activity upon binding. Klotho-deficient animals are used as a model of aging, and Wnt protein plays an important role in regulating selfrenewal signals of stem cells [24] . Klotho expression is reduced in various kidney diseases, including adriamycin nephropathy [19] . A vicious cycle may exist between Wnt and klotho in various nephropathies. Our recent data suggest that the induction of endogenous klotho protein by either vitamin D or a calcilytic agent slows the progression of renal injury from hypertension and renal mass reduction [33] [34] [35] . Vitamin D decreased proteinuria in adriamycin nephropathy [7] . Klotho gene delivery ameliorated the Wnt-triggered activation of b-catenin, proteinuria and interstitial fibrosis as well as the reduced expression of nephrin in adriamycin nephropathy. However, the effects of exogenous klotho protein supplementation on adriamycin nephropathy have not been examined. We recently demonstrated that recombinant human klotho protein ameliorated calcium and phosphate abnormalities in klotho-deficient animals, supporting its physiological activity [30] . The present study was performed to assess whether exogenous klotho protein supplementation ameliorates adriamycin nephropathy, including the renin-angiotensin system (RAS). The influences of an inhibitor for GSK3b [27] , 4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione (TDZD), were assessed to identify the sites of actions on RAS by exogenous klotho protein supplementation, which seems ethically more acceptable for patients than gene transfer.
M A T E R I A L S A N D M E T H O D S

Animal model
Seven-week-old male Wistar rats were used in this study (Shizuoka Laboratory Animal Center, Shizuoka, Japan). The animals were allowed ad libitum access to tap water and standard rat chow (CE-2, Nihon CLEA, Tokyo, Japan). All experimental protocols were approved by the ethical committee for animal research of Saitama Medical University (permit number 894). This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All efforts were made to minimize the suffering of animals. For acclimation, each rat was housed separately in a metabolic cage for 1 week in a temperature-controlled room with a 12-h lightdark cycle and fed the standard diet [35] .
Under pentobarbital anesthesia (50 mg/kg intraperitoneally), adriamycin (5 mg/kg) was injected intravenously into 8-weekold rats [15] . The next day, animals were divided into three groups: the first group was treated with the vehicle (A; n ¼ 8), the second group received daily subcutaneous injection of recombinant human klotho protein (516 amino acids) for 4 weeks (10 lg/kg/day, AþK; n ¼ 8) [30] and the third group was treated daily with both klotho and TDZD (0.33 mg/kg/day, AþKþT; n ¼ 8) [5, 27, 28] . Rats that did not receive adriamycin were treated with the vehicle alone as the control (C; n ¼ 8). Urine was collected to measure creatinine, albumin, klotho and 8-epi-prostaglandin F2a (PGF2a) every 2 weeks [33, 36] . Blood pressure was measured by tail cuff methods. Four weeks later, animals were anesthetized with pentobarbital to harvest the kidney and blood samples. The femoral artery was cannulated with polyethylene tubing (PE50) to draw blood samples. The kidneys and thorax aorta were removed. The removed kidneys were weighed: one was quickly frozen with liquid nitrogen for chemical analysis, including measurements of AngII and klotho [37] , and the other was fixed in a 4% formalin solution for pathology. 
The animals were then euthanized with overdoses of anesthesia. The aorta was frozen until the assay. Blood samples were centrifuged at 4 C for 10 min. Serum, plasma, urine and tissues were kept deep-frozen until the assays. Plasma AngII, renin activity (PRA), serum klotho and creatinine were measured. Creatinine clearance was used to estimate the glomerular filtration rate [33] .
Data are expressed as mean 6 SEM. Statistical analyses were performed using one-and two-way analysis of variance followed by the Newman-Keuls test. A P-value <0.05 was considered statistically significant.
Detailed methods are attached as Supplementary data.
R E S U L T S
As shown in Figure 1A , albuminuria was gradually elevated over time after adriamycin injection. Group A excreted the greatest amount of albumin. Although supplemental klotho treatment significantly reduced albuminuria, albuminuria in the AþK group was higher than that in the C group. Addition of TDZD to the klotho supplement slightly reversed the klothoinduced reduction of albuminuria. Similar trends were observed with respect to PGF2a excretion ( Figure 1B ). Rats in group A excreted the largest amount of PGF2a, suggesting massive oxidative stress in this group. Klotho supplementation considerably reduced PGF2a excretion and the combined treatment with klotho and TDZD marginally increased PGF2a excretion. Systolic blood pressure (SBP) increased following the administration of adriamycin ( Figure 1C ). At experimental Week 4, SBP in group A was higher than that in group C. Furthermore, SBP in the AþK group was lower than that in group A at Week 4, suggesting that klotho supplementation decreased blood pressure. SBP in the AþKþT group was higher than that in the AþK group, indicating that additional treatment with TDZD elevated SBP. Body weights increased with time in all groups, with no significant differences among the four groups ( Figure 1D ). Although the A, AþK and AþKþT groups excreted a substantial amount of albuminuria, both the kidney weight and creatinine clearance were similar among the four groups ( Figure 1E and F).
Immunohistochemistry revealed that adriamycin administration reduced the intensity of nephrin staining (Supplementary data, Figure S1 ). Although klotho supplementation enhanced nephrin staining to some degree, the addition of TDZD to klotho reversed this effect. Reverse transcription polymerase chain reaction (RT-PCR) analyses for nephrin gene expression showed similar trends (Figure 2A ). Only weak staining of TRPC6 was observed in group C, whereas TRPC6 staining was considerably stronger in group A (Supplementary data, Figure S2 ). Klotho supplementation significantly attenuated the degree of TRPC6 staining, and TDZD enhanced it. TRPC6 expression assessed by RT-PCR was consistent with the immunohistochemistry results ( Figure 2B ). Although glomerular expression of nephrin was similar between the A and AþKþT groups, both albuminuria and PGF2a excretion in group A were higher than in the AþKþT group. Vide infra, the differences in blood pressure, plasma AngII concentration and aortic superoxide dismutase (SOD) between these two groups could contribute to the diverse results [38] .
Adriamycin treatment considerably elevated PRA and AngII concentrations ( Figure 3A and C). Both renal expression of angiotensinogen and AngII concentration in group A were also higher than in group C ( Figure 3B and D) . Exogenous klotho supplementation reduced PRA, renal expression of FIGURE 2: Glomerular expression of (A) nephrin and (B) transient receptor potential channel 6 (TRPC6). *, þ and # indicate a significant difference from the C, A and AþK groups, respectively (n ¼ 8 for each group). The possibility that pathways other than TRPC6 are involved in decreasing the glomerular expression of nephrin cannot be excluded. In patients with FSGS, b-catenin was translocated to the nuclei of podocytes [21] . GSK3b phosphorylates NFAT to oppose its activation [22] , and activation of NFAT alone can cause glomerulosclerosis by stimulating Wnt formation [5] . Thus, NFAT activation may form a vicious cycle with Wnt, and klotho supplementation may help break this cycle. In addition to oxidative stress itself, calcium entry through TRPC6 could activate extracellular signal-regulated kinase, contributing to the pathogenesis of FSGS [23] .
angiotensinogen and plasma and renal AngII levels in rats administered adriamycin. Renal expression of angiotensinogen and renal AngII concentration in the AþKþT group were substantially increased compared with those of the AþK group. There was no significant difference in PRA and plasma AngII levels between the AþK and AþKþT groups. The observation that blood pressure in the AþKþT group was higher than that of the AþK group can account for the lack of elevation of PRA in the AþKþT group and supports the notion that renal RAS is controlled independently of systemic RAS. The circulating klotho concentration was reduced by the administration of adriamycin and was normalized with exogenous klotho supplementation either in the presence or absence of TDZD ( Figure 3E ). Adriamycin also diminished klotho excretion, which was restored by klotho supplementation. However, klotho excretion in the AþKþT group was lower than that in the AþK group ( Figure 3F ). Renal klotho expression exhibited similar trends to those of klotho excretion ( Figure 3G ). As transcellular transport rather than glomerular filtration or direct secretion into the lumen plays an important role in klotho [31] , it reflects the renal interstitial klotho levels. Adriamycin reduced aortic and renal expression of SOD and klotho supplementation reversed the decrements of aortic and renal SOD ( Figure 3H and I). Treatment with TDZD lowered renal but not aortic SOD. Moreover, aortic and renal expression of SOD showed similar trends with those of serum and urine klotho, respectively.
Adriamycin administration increased the renal expression of Wnt1 regardless of the presence of klotho and TDZD ( Figure 4A ). Adriamycin marginally enhanced renal expression of Wnt4 without significant changes in Wnt3 and Wnt5 ( Figure 4B-D) . Thus, the abundance of b-catenin was elevated in group A compared with that in group C ( Figure 4E ). However, klotho supplementation significantly reduced the abundance of b-catenin. Furthermore, b-catenin abundance in the kidneys of the AþKþT group was higher than that in the AþK group. The present findings that combined treatment with klotho and TDZD stabilized b-catenin indicated that the dose of TDZD used was sufficient to inhibit GSK3b activity [28] . The immunohistochemistry data have for the first time demonstrated that Wnt1 is expressed in the afferent arteriole ( Figure 4F ) as well as in the tubulointerstitium (Supplementary data, Figure S3 ) among all adriamycin-treated animals. However, Wnt1 was not significantly stained in the glomeruli among four groups.
Renal expression of TGF-b was also significantly increased by adriamycin administration (Figure 5A ), which was reduced by klotho supplementation. Addition of TDZD to the klotho supplementation reversed the klotho-induced decrease in TGF-b expression. Accordingly, renal abundance of Twist was markedly elevated in group A compared with group C (Figure 5B ). Klotho supplementation also reduced the adriamycin-induced Twist abundance regardless of TDZD treatment. Consistent with these results, adriamycin considerably diminished the renal expression of E-cadherin ( Figure 5C ), and klotho supplementation restored E-cadherin expression regardless of TDZD treatment. Of note, the renal abundance of Twist remained low with preserved expression of E-cadherin in the AþKþT group, suggesting that epithelial-mesenchymal transition (EMT) was precluded also in this group. Consequently, adriamycin administration substantially elevated the renal expression of fibronectin ( Figure 5D ). Figure S4 , adriamycin increased the fibrosis index (FI; 0.1 6 0.1 -2.7 6 0.5, P < 0.01 versus group C) and klotho supplementation markedly attenuated FI (0.5 6 0.2, P < 0.01 versus group A). The addition of TDZD to klotho marginally elevated FI (1.4 6 0.3, P < 0.05 versus group AþK).
D I S C U S S I O N
The present observations that exposure to adriamycin induced both elevated renal expression of Wnt and increased b-catenin abundance support the recent findings that adriamycin activates the classical Wnt pathway [18] . We and others demonstrated that the kidney is a major source of circulating klotho [31, 35] . Our findings that the circulating klotho level is diminished in adriamycin nephropathy are compatible with recent data that renal klotho expression is reduced in this model [19] . Furthermore, our data extend these results and have provided the first evidence that klotho protein supplementation inhibits b-catenin stabilization in adriamycin nephropathy without inducing changes in Wnt expression. Klotho binds to Wnt protein to inhibit its signaling [24] . Collectively, these results suggest that exogenous supplementation of klotho protein suppresses the activation of classical Wnt pathway in the kidney exposed to adriamycin, where endogenous klotho is diminished. [39] . Recent investigations revealed that Wnt signaling targets these RAS genes through LEF1 [40, 41] . The present findings constitute new demonstrations that PRA, renal and systemic AngII concentrations were elevated in adriamycin nephropathy. Surprisingly, the present data show that Wnt is expressed in the afferent arterioles as well as in the tubular cells. Furthermore, we have provided the first evidence that exogenous klotho protein supplementation reduces both plasma and renal AngII levels, accompanied by decreases in PRA and renal angiotensinogen expression. These results extend recent data that endogenous klotho enhancement by gene transfer ameliorated RAS gene expression in this model [42] . The present data also indicate that the klotho-induced reductions of renal AngII concentrations and angiotensinogen expression were reversed by GSK3b inhibition. AngII reduces renal klotho expression [43] . Taken together, these results suggest that the classical pathway of Wnt signaling through GSK3b mediates the activation of RAS and subsequent elevations of blood pressure in adriamycin nephropathy and raise the possibility that renal RAS and klotho crosstalk, especially when the Wnt/b-catenin pathway is activated in the kidney (Supplementary data, Figure S5 ).
Oxidative stress as well as AngII reduces renal klotho expression [44] . In contrast, klotho binds to insulin-like growth factor (IGF) receptor to induce SOD [29, 45] . Teser et al. [17] reported that proteinuria depended on free radical generation and the formation of 8-isoprostane in adriamycin nephropathy. The present data support these findings, in that the changes in albuminuria paralleled those of PGF2a excretion among the four groups, and further indicated that adriamycin administration reduced aortic and renal SOD expression, presumably contributing to the increased oxidative stress. In addition, our findings imply that the increase in albuminuria is associated with reduced glomerular expression of nephrin. Furthermore, klotho supplementation ameliorated the glomerular expression of nephrin and albuminuria. Klotho supplementation also led to the improvement of aortic and renal SOD and mitigated oxidative stress. Together, these results indicate that oxidative stress and klotho form a positive feedback loop that should hasten the progression of adriamycin nephropathy and suggest that klotho supplementation protects podocytes at least partly by diminishing oxidative stress and enhancing SOD expression.
Klotho has been shown to decrease TRPC6 expression in cardiac myocytes and podocytes by interacting with the IGF receptor and phosphoinositide 3-kinase [46, 47] . Our previous investigations indicated that subtotal nephrectomy resulted in a decrease in klotho expression and an increase in glomerular TRPC6 expression [33] . Similarly, the present results indicated that adriamycin administration lowered klotho levels and increased the glomerular expression of TRPC6, suggesting that de-repression of IGF receptors participated in the elevated expression of TRPC6 in podocytes. This notion was supported by the present observations that exogenous klotho supplementation ameliorated TRPC6 expression. Adriamycin administration elevated plasma and renal AngII concentrations, oxidative stress and blood pressure, acting as a stretch stimulus. These variables should increase calcium influx through TRPC6 to ultimately damage the podocytes [9] [10] [11] [12] [13] [14] . Klotho secreted from the tubules can interstitially access the Bowman capsule and podocytes [33] . Compared with group C, renal klotho expression was diminished in the A and AþKþT groups, suggesting that secreted endogenous klotho was diminished in these groups. Glomerular expression of TRPC6 was associated with urine rather than serum klotho levels. Thus, our data suggest that renal interstitial klotho levels considerably contribute to the amelioration of TRPC6 in this experimental model.
Proteinuria induces macrophage accumulation in the renal interstitium as a source of TGF-b [2] . Consistent with this, the present study demonstrated that adriamycin induced albuminuria with resultant elevations of TGF-b, which could consequently elicit EMT using various pathways including a transcriptional factor Twist [40, 48] . In addition, AngII induces TGF-b in tubular cells [49] . Thus, the increase in AngII levels may have also contributed to the elevation of TGF-b observed in group A. Accordingly, both the increase in the renal abundance of Twist and the reduced expression of E-cadherin supported the presence of EMT in group A. Klotho supplementation reduced albuminuria and AngII concentrations as well as TGF-b expression and EMT. Klotho interacts with TGF-b receptor to inhibit its signaling [32] . Superimposition of TDZD with klotho in adriamycin nephropathy elicited moderate increases in albuminuria and considerable elevations of TGF-b expression, validating that both AngII and proteinuria are required for the full expression of TGF-b. Collectively, the present data provide the translational basis that klotho supplementation suppresses EMT in adriamycin nephropathy at least partly by inhibiting TGF-b signaling.
The origin of interstitial myofibroblasts in the fibrosing kidney is currently a topic of intense debate and investigation. The candidates are resident medullary interstitial fibroblasts, pericytes, the tubular epithelium (through EMT) and bone marrow-derived and endothelial cells [50] [51] [52] . Our recent data indicate that the contribution of EMT to renal fibrosis differs among kidney disease models and imply that the contribution of EMT to fibrosis in mouse adriamycin nephropathy is smaller than that of hydronephrosis [50] . In the present study, adriamycin induced EMT and increased fibronectin expression in the kidney, suggesting that EMT contributes to renal fibrogenesis in adriamycin nephropathy. The present data constituted new demonstrations that klotho supplementation reduced fibronectin expression as well as EMT. Although EMT was counteracted in the AþKþT group, renal expression of fibronectin was significantly increased. On the one hand, TGF-b stimulates the Wnt/b-catenin pathway [53] . However, klotho inhibits both signaling pathways, as discussed above. On the other hand, AngII directly induces profibrotic actions via hypoxia-inducible factor-1a in renal interstitial cells [54] . Taken together, these data suggest that AngII participates in renal fibrosis in both TGF-b-dependent and -independent manners in adriamycin nephropathy and support the concept that both EMT-derived and non-derived fibroblasts contribute to renal fibrosis in this model.
Caveats should be mentioned. First, no difference was observed in the glomerular expression of NFAT among the four groups (data not shown). Although we were unable to perform a western blot for NFAT in isolated glomerular samples, the results from frozen sections may provide some insights. Second, pharmacological inhibition of GSK3b was used in the present study. In a previous study, GSK3b knockdown reduced proinflammatory reactions in the renal tubular epithelium possibly through the NF-jB pathway [53] . Third, we failed to observe significant staining of Wnt in the glomeruli and a reduction in creatinine clearance. Although we selected an experimental period of 4 weeks, another time course might have allowed for the detection of Wnt staining in the glomeruli and changes in creatinine clearance. Further in vitro studies are warranted to elucidate these issues.
S U P P L E M E N T A R Y D A T A
Supplementary data are available online at http://ndt.oxfordjour nals.org.
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